Reliable design analysis of these control elements requires a detailed knowledge of the material properties and irradiation performance of boron carbide (B4C) pellet . Boron carbide produces helium gas during neutron irradiation due to the reaction of 10 B(n, a)7Li. Some of this gas is retained within the matrix of B4C, and some is released from the B4C pellet. In addition, the recoiled atoms and the incident neutron flux cause structural change in B4C pellet such as lattice distortion , formation of helium bubble and microcracking, and swelling. Each of these effects could limit the life of control elements.
Hence, it is important to obtain information about irradiation effects on B4C pellet irradiated in a fast flux environment , and many authors have reported on dimensional change, helium release, electrical resistivity , and changes in lattice parameter and microstructure(1)~(5).
However, such aspects as helium release and swelling behavior of B4C pellet have not been throughly investigated .
The purpose of the present investigation is to describe irradiation effects and recovery behavior of neutron-irradiated B4C pellets , that were used as control rod elements in the Enrico Fermi Fast Breeder Reactor . Measurements were carried out on changes in lattice parameters, thermal expansion , helium release, elastic moduli and microstructures.
Particularly, the studies were made of recovery behavior of lattice damage and the correlation between swelling and helium release during the anneal of Table 1 .
Lattice parameters of B4C were measured at room temperature using X-ray powder diffraction method. The B4C pellets of an irradiated sample (10-6) and an unirradiated one (A-5) were crushed and ground into powders, the unirradiated sample (A-5) was treated by hydrofluoric acid to selectively disolve SiO2 which was introduced during the crushing. The lattice parameters of boron carbide were obtained by measuring the diffraction angle of (125) and (018) planes in the hexagonal system.
The correction of the diffraction angle was made by using (220) plane of LiF as an internal standard. The X-ray used in the present measurement was Ni-filtered Cu-Ka radiation.
The acceleration voltage and electron current were 40 kV and 20 mA, respectively, and a scanning speed of 0.25d /min was used. Recovery in lattice parameter was measured by successively annealing the sample under vacuum at temperatures ranging from 400 to 1,200dc in steps of 100dc. The temperature was maintained for 1 h in each heat treatment.
Thermal expansion and helium release rate were measured by heating irradiated samples under vacuum.
Linear thermal expansion of B4C pellets was measured by a conventional dilatometer with a fused-quartz push rod. The temperature was increased up to 1,200dc at a rate of 8dc/min in a vacuum of approximately 10-5 Torr. The dilatation of specimen was detected using a dial gage with which a change in 1 mm could be detected.
Helium release rate was measured by using a helium leak detector (Consolidated Electrodynamics Corp., Calif. Type 24-120B). The measurement was carried out under approximately the same heating rate and evacuating conditions as those in thermal expansion measurement.
In the present investigation, we intended to study the correlation between swelling and helium release during anneal. Therefore, thermal expansion and helium release rate of B4C pellets (3-2) and (17-9) were measured in nearly identical conditions.
Both specimens have dimensions of 6.5 mm dia. x 27 mm long. Both ends of each pellet were cut by 5 mm long, which were used in helium release measurement. The residual portion of the pellet with 17 mm long was used in thermal expansion III. RESULTS
Lattice Parameter
The crystal structure of boron carbide is rhomohedral ; however, it is often referred to the hexagonal system. The lattice parameters of unirradiated specimen (A-5) were found to be a =5.600+0.001 A and c-=12.075+-0.002 A. The lattice parameters and unit cell volume of specimen (10-6) as irradiated and after annealing for 1 h at various temperatures are shown in Figs. 1 and 2. The parameter a increased by 0.41% and c decreased by 0.60% after the irradiation of 1.2 a/0 10B burnup . The corresponding increase in the unit cell volume was calculated as 0.22%. During annealing at progressively higher temperatures, a first decreased to below the original value and then recovered . The lattice parameter c showed a sharp increase up to 900dc, then suddenly decreased The diffraction pattern of irradiated specimen had broad and diffuse peaks , and line broadening of the (018) plane, which is nearly parallel to the c-plane, was particularly pronounced and was less in the (220) plane which was perpendicular to the c-plane of B4C lattice.
As the annealing temperature was increased, changes in line broadening occurred as well as shifts in diffraction angle. It was noticed here that recovery in line broadening of the (018) plane was not observed until it was annealed at 900-C .
Thermal Expansion and Helium Release
The thermal expansion of irradiated and unirradiated specimens is shown in Fig . 3 . The thermal expansion of the irradiated sample has a larger value than that of the one at temperatures up to 400dc. It is noticed that there are anomalies in thermal expansion curves of irradiated pellets. The anomalies consists of a plateau region and sharp increase after the plateau.
When the irradiated specimens were annealed above the plateau region of Fig. 3 and then cooled down to room temperature, the thermal expansion curve of the pellets returned approximately the same slope as that of the unirradiated specimen. Therefore, the plateau in thermal expansion curve corresponds to the shrinkage of bulk specimen, and the thermal expansion curve becomes irreversible.
The temperature at which the plateau begins is about 450dc in the present specimens.
However, the sharp increase in linear expansion of specimen (17-9) began at 550dc, while that of specimen (3-2) began at about 750dc. In the latter specimen, the plateau region has lasted for 300dc. The total swelling during the sharp increase was 2.7 and 1.6% for specimens (17-9) and (3-2), respectively.
The helium release rate of B4C pellets (3-2) and (17-9) are shown in Fig. 4 , in which the ordinate shows the volume of He gas at standard pressure and temperature released from the specimen of unit weight per unit time and the abscissa shows the annealing temperature.
The measurements of helium release rate for each specimen have been repeated twice with good reproducibility.
However, only one curve for each specimen has been depicted in Fig. 4 so that crowded line traces in the figure is avoided. The results of the measurements show that helium release was negligibly small below 400dc. For higher annealing temperature above 500dc, an enhanced helium release was observed. It is noted here that there are two peaks in each helium release curve.
In the case of the specimen (3-2), the first peak appeared at around 800dc, and the second peak at 1,100dc. In the case of the specimen (17-9), they were observed at 750 and 1,100dc, respectively.
It is also noted that the first peak of specimen (3-2) is much higher than that of specimen (17-9), whereas the second peak is vice versa. show the thermal expansion and helium release rate of specimens (3-2) and (17-9), plotted against the same temperature scale. It is easily understood that the first peak in helium release curve correlate with the sharp increase in thermal expansion curve. It was also found that the B4C pellet with a smaller swelling released greater amount of helium. A phenomenon which should correlate with the second peak of helium release curve was not observed in thermal expansion curve. The results of density and elastic moduli measurements are summarized in Table  2 . It can be seen that many irregularshaped microcracks are formed upon irradiation ; some cracks are along grain boundaries and some other cracks are formed transgranularly.
Photograph 2(a) shows a polished surface of B4C pellet which was irradiated and annealed for 1 h at 1,200dc. The figure indicates that the cracks along grain boundaries grew to interconnect one another during the anneal. The width of microcracks on grain boundaries became much larger than that of the as-irradiated sample, and it seems that the grain boundaries are nearly separated.
Photograph 2(b) shows the etched surface of materials shown in Photo. 2(a). Some grains have broken into small pieces by the growth of transgranular microcracks. 1 and 3 indicate that recovery in lattice parameter and dimensional change began at around 500dc. The enhanced helium release from the specimens (3-2) and (17-9) also began at 500dc as shown in Fig. 4 . It is interesting to note that the recovery in lattice parameters, dimensional change and helium release started at nearly 500dc, the estimated average temperature of B4C pellets during operation of the reactor. The results of lattice parameter measurements show that the parameter a expanded and c decreased upon neutron irradiation, with the positive unit cell volume change. This is the consequence of anisotropic lattice defect produced from the chain of three carbon atoms which is parallel to c-axis of the crystal.
During the irradiation, the center atom of this chain is selectively removed to an interstitial position, and two end carbon atoms move toward each other (6) . This produces an anisotropic defect which contracts the lattice in c direction and expands in a direction with a positive unit cell volume change as shown in Fig. 2 . The reaction products of helium and lithium will also exist as interstitial impurities which will cause a net lattice dilatation.
As the annealing temperature is increased, these atoms and vacancies would diffuse into positions such as cavities, microcracks or grain boundaries.
As the annealing temperature is further increased, helium pressure inside cavities, microcracks or grain boundaries becomes large.
Previous studies of transmission electron microscope observation of irradiated 13,C pellet have reported that cavities formed in irradiated specimens have a plate-like shape, which are identified as helium bubbles (7). It is also reported that the plate-like bubbles are parallel to one plane : Copeland et al. (8) report that they were parallel to the (111) plane in the rhombohedral lattice ; Cummings et a1. (9) and Ashbee et al. (10) report that they were parallel to {110} plane. The helium pressure inside these plate-like bubbles produces anisotropic stress on the crystal lattice.
If the bubbles lie parallel to {110} plane as Cummings and Ashbee report, the stress associated with the bubbles results in a compression in a and an expansion in c. At sufficiently high pressure, parameters a and c could exceed their original values, as shown in Fig. 1 . Further annealing or continued growth causes a collapse of the plate-like bubbles and microcracks into a large plate-like bubble and crack that extend to length approaching grain dimensions.
This causes a release of He gas through grain boundaries, thereby helium pressure becomes small. Thus lattice parameter will approach those of unirradiated values. Figure 3 shows that there was a shrinkage in thermal expansion curve before it shows a sharp increase.
Particularly, a large shrinkage was observed in the specimens (3-2) and . This phenomenon may be attributed to negative lattice dilatation due to the onset of recovery of lattice damage produced by neutron irradiation .
The sharp increase in thermal expansion around 700dc in Fig . 3 is due to three mechanisms : (1) unit cell volume increase, (2) nucleation and growth of helium bubbles within materials and (3) both grain boundary cracking and microcracking in grains . The unit cell volume increase is minor contribution to the total expansion , and the latter two effects may be the main contributions to the swelling . Hollenberg et al. (11) pointed out that anisotropic swelling in B4C grains results in intergranular microcracking.
Also very high pressure inside the plate-like bubbles would produce intragranular cracking.
With increasing annealing temperature, some of He atoms will diffuse out directly from the B4C matrix, and some other atoms will be trapped in the bubbles. The intergranular and intragranular crackings will be formed in the B4C pellet (Photo. 2(b)), because of anisotropic swelling in grains and a high helium pressure inside the bubbles. Hence , He gas inside the B4C matrix will be released. Consequently, the sharp increase in thermal expansion has been observed with large amount of helium release, as shown in Figs . 5(a) and (b). It is interesting to note that the specimen (17-9) which showed larger swelling released smaller amount of helium at low temperature peak of T1 (Fig. 4) . Many in-pile experiments have also indicated that pellets with larger helium retention show a greater swelling(1)(2). The specimen (17-9) is estimated to be irradiated to higher burnup than that of the specimen (3-2), as shown in Table 2 . The difference observed in helium release and swelling behavior of both pellets would be attributed to the difference in burnup value between them. It is considered that both small localized defects and plate-like bubbles within grains can be effective trapping sites of He atom. With an increase in annealing temperature, the reaction products of helium will begin to migrate to these trapping sites. If neutron irradiation is confined to relatively low dose, and number of trapping sites produced in grain is small, larger amount of helium will migrate to grain boundaries.
Alternatively, if the specimen is irradiated to higher burnup of 10B, then the number of defects that will trap He atoms within grain will be larger and probability that helium will be trapped within grain becomes larger. Therefore, amount of helium retention will increase with increasing burnup, which enables larger swelling during annealing.
As the annealing temperature is further increased, the He atoms which have been trapped in small localized defects within grains will diffuse out and enhanced helium release will be observed, as shown in Fig. 4 . Figure 4 indicates that there is a second peak in helium release curve. Since the temperature of the second peak T2 is always found around 1,100dc, it might be a characteristic temperature of boron carbide's associated with the helium release henomenon. At present stage, the origin of this peak is not clear, and further studies will be required to elucidate the helium release behavior of boron carbide pellet.
